Introduction
============

The use of chemotherapy in human cancer treatment is frequently limited by intrinsic or acquired multidrug resistance (MDR), which is caused by the increased expression of plasma membrane P-glycoprotein.[@b1-dddt-9-2705],[@b2-dddt-9-2705] Daunorubicin (DNR), an antibiotic, has various antitumor activities and has been widely used in the clinical treatment of acute monocytic leukemia due to its intercalation of the planar aromatic ring system between the DNA base pairs.[@b3-dddt-9-2705],[@b4-dddt-9-2705] However, its efficacy is restricted by MDR, and many tumor cells are not sensitive to DNR because of the drug efflux mediated by P-glycoprotein.[@b4-dddt-9-2705],[@b5-dddt-9-2705] Tetrandrine (Tet) is a bisbenzylisoquinoline alkaloid isolated from the root of *Stephania tetrandra* S. Moore,[@b6-dddt-9-2705] which is a calcium channel blocker with strong MDR reversal effects. Compared to verapamil and cyclosporin A, Tet exhibited a stronger activity to reverse drug resistance to DNR in leukemia cells.[@b2-dddt-9-2705],[@b6-dddt-9-2705]--[@b8-dddt-9-2705] Hence, we propose the design of a drug delivery system (DDS) using polymer nanoparticles (NPs), in which DNR and Tet can be simultaneously encapsulated to reduce the toxic effects against normal cells and increase their therapeutic activities in a controlled release manner.

Among the DDS of polymeric NPs, poly(lactic-*co*-glycolic acid) (PLGA) is considered to be an ideal carrier for anticancer drugs, owing to its biodegradable and bio-compatible characteristics.[@b9-dddt-9-2705],[@b10-dddt-9-2705] Drug-releasing particles and therapeutic devices made by PLGA have been approved by the United States Food and Drug Administration for clinical applications since 1989.[@b11-dddt-9-2705] A major challenge for PLGA NP in vivo tumor delivery is the lack of functional groups to increase cellular adhesion and clearance by the reticuloendothelial system. In order to overcome this challenge, a diversity of functional groups including poly([l]{.smallcaps}-lysine) (PLL) and polyethylene glycol (PEG) have been introduced to PLGA polyesters by either direct conjugation[@b12-dddt-9-2705]--[@b14-dddt-9-2705] or by being conjugated with additives during the construction of the functional polymer.[@b15-dddt-9-2705],[@b16-dddt-9-2705] PLL presents good targeted effects on tumor cells owing to its binding to the negatively-charged cell membrane by electrostatic absorption.[@b17-dddt-9-2705],[@b18-dddt-9-2705] On the other hand, PEG has the potential to minimize the amount of NPs that bind to plasma proteins. So, the circulation time of NPs would be enhanced and the clearance of NPs would be reduced by the reticuloendothelial system.[@b18-dddt-9-2705] Recent exciting data suggest that DDS comprising conjugates of PLGA, PLL, and PEG can significantly improve the drug encapsulation and antitumor effects in vivo and in vitro.[@b11-dddt-9-2705]--[@b13-dddt-9-2705],[@b19-dddt-9-2705] Given the antitumor activities of DNR and the strong MDR reversal effects of Tet, as well as the fact that PLGA--PLL--PEG-NPs represent a promising delivery system with a high drug loading and encapsulation efficiency, we designed a functional PLGA--PLL--PEG-NP simultaneously loaded with DNR and Tet (DNR/Tet--PLGA--PLL--PEG-NPs) to enhance the antitumor activity of DNR and reverse the MDR.

As we know, the performance of the polymeric NPs depends on variable factors, such as the molecular weight (Mw), as well as the composition of the polymer, the organic solvents, and the type and concentration of surfactant used.[@b20-dddt-9-2705],[@b21-dddt-9-2705] Thus, the selection of a suitable preparation technique is dependent on the physical and chemical properties of the polymers and drugs.[@b20-dddt-9-2705] Until now, there have been various fabrication methods that have been commonly used for NP preparation,[@b20-dddt-9-2705] such as the nanoprecipitation technique,[@b22-dddt-9-2705]--[@b24-dddt-9-2705] single or double-emulsion solvent evaporation,[@b25-dddt-9-2705],[@b26-dddt-9-2705] and the solvent diffusion technique.[@b27-dddt-9-2705] Among these methods, the double-emulsion solvent evaporation method is popular and widely used for simultaneous hydrophilic and hydrophobic compound encapsulation, resulting in high encapsulation efficiency and featuring a relatively small particle size.[@b20-dddt-9-2705],[@b23-dddt-9-2705],[@b28-dddt-9-2705],[@b29-dddt-9-2705]

More attention has been focused on the targeted therapy for cancer in recent years. Transferrin (Tf) receptors (TfR) were found to be highly expressed on the tumor cell surface in many studies.[@b30-dddt-9-2705]--[@b45-dddt-9-2705] Our initial studies have shown that the liposome modified with Tf acting as doxorubicin carrier had a better targeting antitumor effect compared with the liposome carrier without Tf due to the possible binding of Tf to TfR on the tumor cell membrane. And, the incorporation of antitumor agent 5-fluorouracil into PLGA NPs significantly improved the oral bioavailability.[@b46-dddt-9-2705],[@b47-dddt-9-2705] Based on the establishment of both synthesis of Tf with PLL--PEG and TfR-targeted nanocarriers PLL--PEG--Tf-NPs, our present study was to fabricate the PLGA--PLL--PEG--Tf-NPs simultaneously loaded with DNR and Tet using a modified double-emulsion method and to perform an investigation to further prove its promising strategy for overcoming MDR in leukemia.

Materials and methods
=====================

Materials
---------

PEG with a Mw of 4,000 Da, 4-(dimethylamino)pyridine (DMAP), anhydrous *N,N*-dimethylformamide hydrous (DMF), *N,N*-dicyclohexylcarbodiimide (DCC), and *N,N*-carbonyldiimidazole (CDI) were purchased from Aladdin Reagents Co., Ltd. (Shanghai, People's Republic of China); *N*-carboxy-(Nε-benzyloxycarbonyl)-[l]{.smallcaps}-lysine anhydride (Lys\[z\]-NCA) was purchased from Shanghai Hanhong Chemical Co., Ltd. (Shanghai, People's Republic of China); PLGA (50:50 lactic acid:glycolic acid) with carboxylic acid ends of Mw 30 kDa was purchased from Evonik Industries (Essen, Germany); T 60 kDa was purchased from Birmingham Polymers Inc. (Birmingham, AL, USA); PLGA of Mw 15 kDa was purchased from Shandong Medical Equipment Research Institute (Shandong, People's Republic of China); deuterated dimethyl sulfoxide (D~6~-DMSO) was purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA); hydrogen bromide in acetic acid (33 wt%, HBr/HOAc) was purchased from J&K Scientific Ltd. (Beijing, People's Republic of China); the antitumor drugs DNR and Tet were purchased from Jinan Huifengda Chemical Co., Ltd. (Jinan, Shandong, People's Republic of China); high-performance liquid chromatography (HPLC) grade acetonitrile was purchased from Wanqing Chemical Reagent Co., Ltd. (Nanjing, People's Republic of China); Tf was purchased from Sigma-Aldrich Co. (St Louis, MO, USA); an ultrasonic processor (SCIENTZ-IID) was purchased from Ningbo SCIENTZ Biotechnology Co, Ltd. (Ningbo, People's Republic of China); a proton nuclear magnetic resonance (^1^H NMR) spectrometer (AV-500) was purchased from Bruker Optik GmbH (Ettlingen, Germany), with D~6~-DMSO as the solvent and tetramethylsilane as the internal standard; an ultracentrifuge (GL-20G-H) was purchased from Shanghai Precision & Scientific Instrument Co., Ltd. (Shanghai, People's Republic of China); and a freeze-dryer (LGJ-10C) was purchased from Beijing Sihuan Scientific Instrument Co., Ltd, Beijing, People's Republic of China.

An adriamycin-resistant cell line (K562/ADR) was donated from the Institute of Hematology at the Chinese Academy of Medical Sciences (Tianjin, People's Republic of China). The cells were maintained in Roswell Park Memorial Institute 1,640 medium supplemented with 10% newborn bovine serum, 10 mM HEPES buffer, 100 U/mL of penicillin, and 100 μg/mL of streptomycin at 37°C in a humidified atmosphere containing 5% CO~2~. In an attempt to maintain the MDR phenotype, 1 μg/mL of adriamycin was added in the medium until 1 week before the experiments.

Synthesis of PLGA--PLL--PEG copolymer
-------------------------------------

The PLGA--PLL--PEG copolymer was synthesized as previously reported.[@b11-dddt-9-2705]--[@b14-dddt-9-2705],[@b48-dddt-9-2705],[@b49-dddt-9-2705]

Synthesis of PLL--Cbz
---------------------

A total of 4 g of Lys(z)-NCA and 60 mL of anhydrous DMF were loaded into a three-neck flask with a stirrer under a nitrogen atmosphere. The sample was stirred and then 30 μL of ethylenediamine was added to induce polymerization. After being stirred for 72 hours, 200 mL of anhydrous diethyl ether was added and then the precipitated product was dried under vacuum for 12 hours to produce PLL--carbobenzoxy (Cbz).[@b48-dddt-9-2705]

Synthesis of PLGA--PLL
----------------------

A total of 3 g of PLGA and 0.3 g of PLL--Cbz were added to a round-bottom flask and dissolved in anhydrous DMF under a nitrogen atmosphere. Then, 60 mg of DCC and 5 mg of DMAP were added to the flask. After being stirred for 48 hours, chloroform was added and then the solution was filtered to remove the *N,N*-dicyclohexylurea. The product was precipitated in methanol and isolated by vacuum filtration, washed three times with ether, and dried under vacuum for 48 hours.[@b49-dddt-9-2705] Thereafter, the dried products were dissolved in a sufficient amount of 33 wt% HBr/HOAc and stirred for 2 hours; a sufficient amount of ether was added to wash the precipitated polymer until an off-white product was obtained. The off-white polymer was dried under vacuum for 12 hours to produce the deprotected PLGA--PLL.[@b14-dddt-9-2705]

Activation of PEG
-----------------

Then, 4 g PEG was dissolved in dioxane and 3 g of CDI was added under nitrogen at 37°C. After being stirred for 2 hours, the unreacted CDI was removed by adding sufficient deionized water. The solution was added into a dialysis tube (Mw 3,500) and the dialysate of deionized water was changed every 2 hours. Thereafter, the solution remaining in the dialysis tube was freeze-dried for 3 days to produce activated PEG--CDI.[@b13-dddt-9-2705]

Synthesis of PLGA--PLL--PEG
---------------------------

A total of 2 g of PEG--CDI and 4 g of PLGA--PLL were dissolved in anhydrous DMF and stirred for 48 hours under nitrogen. Then, the solution was diluted with chloroform and precipitated in methanol. The process of polymer dissolution and precipitation was repeated three times until the unconjugated PEG was removed. Thereafter, the polymer products were freeze-dried for 3 days to produce PLGA--PLL--PEG.[@b11-dddt-9-2705],[@b12-dddt-9-2705]

Characterization of PLGA--PLL--PEG
----------------------------------

The conjugations of PLGA--PLL--PEG were determined by ^1^H NMR spectra and recorded in D~6~-DMSO as a solvent and tetramethylsilane as an internal standard using a 400 MHz AV-500 spectrometer (Bruker Optik GmbH), according to previous reports.[@b13-dddt-9-2705],[@b14-dddt-9-2705]

Crosslink Tf
------------

The reaction diagram was shown in [Figure 1](#f1-dddt-9-2705){ref-type="fig"}. First, PLGA--PLL--PEG was resuspended in phosphate buffer saline (PBS) and ultrasound for 30 seconds, and it was then mixed with an appropriate amount of Tf and stirred at room temperature for 3 hours. Thereafter, the solution was refrigerated at the speed of 15,000 rpm to remove the unreacted Tf at 4°C and freeze-dried with 5% cryoprotectant to obtain blank NPs (PLGA--PLL--PEG--Tf).

Preparation of drug-loaded NPs (DNR/Tet--PLGA--PLL--PEG--Tf)
------------------------------------------------------------

Based on others' research[@b2-dddt-9-2705] and Wang (unpublished data, 2015), the molar ratio of DNR to Tet was adjusted from 1:0.22 to 1:0.85 to prepare for PLGA--PLL--PEG--Tf coloaded with DNR and Tet using the modified double-emulsion solvent evaporation/diffusion method.[@b20-dddt-9-2705]

Briefly, the organic phase (O) consisting of 100 mg of blank NPs and 5 mg of Tet were dissolved in a 2 mL acetone--dichloromethane (1:1, V/V) mixture. The internal aqueous phase (W~1~) contained 7 mg of DNR and 0.5 mL of Tween 80 solution (6%), and the external aqueous phase (W~2~) consisted of 4 mL of polyvinyl alcohol (PVA) solution (1%). The internal aqueous phase was emulsified with the organic phase by sonication using an ultrasonic processor in an ice bath, and the primary emulsion (W~1~/O) was emulsified with the external aqueous phase by sonication to produce a double emulsion (W~1~/O/W~2~). Thereafter, 60 mL of PVA (0.3%) was added to the prepared double emulsion and stirred on a magnetic stirrer at 500 rpm overnight to evaporate and diffuse the organic solvents. To separate the drug-loaded NPs from the residual solvent, the disperse system was centrifuged for 30 minutes at 15,000 rpm and 4°C, and then washed with deionized water three times. The samples were dried by lyophilization at −50°C for 60 minutes and then at −10°C for 24 hours. The freeze-drying products were stored at 4°C and the effect of various process parameters were investigated systematically, such as the mean diameter, drug loading, Mw, concentration of blank NPs in the organic phase, concentration of PVA in the external aqueous phase, volume ratio of acetone to dichloromethane (A/D ratio), type of internal aqueous phase, and volume ratio of the internal aqueous phase to the external aqueous phase (I/E ratio). All experiments were performed by changing one of the process parameters while keeping the other parameters stable.[@b29-dddt-9-2705]

Tf crosslinked product verification
-----------------------------------

First, gel permeation chromatography was used to investigate the separation situation of unreacted Tf. DNR/Tet--PLGA--PLL--PEG--Tf, and Tf dissolved in PBS was respectively run through the Rapid Resolution LC system (AKTA FPLC) (column packing: Sepharose CL-4B; mobile phase: PBS; detection wavelength: 280 nm), and then the leaching time was recorded. Thereafter, the concentration of Tf was measured by the Dual Binding (bicinchoninic acid \[BCA\]) kit. The BCA protein assay combines the reduction of Cu^2+^ to Cu^1+^ by protein in an alkaline medium; the first step is the chelation of copper with protein in an alkaline environment to form a light-blue complex. In the second step, BCA reacts with the reduced (cuprous) cation that was formed in step one; the intense purple-colored reaction product results from the chelation of two molecules of BCA with one cuprous ion. The BCA/copper complex is water soluble and exhibits a strong linear absorbance at 562 nm with increasing protein concentrations.

Particle size, zeta potential (ZP), and polydispersity index (PI)
-----------------------------------------------------------------

Mean particle size, ZP values, and the PI of DNR/Tet--PLGA--PLL--PEG--Tf-NPs were determined by a Zetasizer 3000HS system (Malvern Instruments, Malvern, UK). The diameters and width of particle distribution were calculated using a volume distribution from the Gaussian distribution.[@b50-dddt-9-2705]

Morphological evaluation under transmission electron microscopy (TEM)
---------------------------------------------------------------------

The samples were placed over a copper grid coated with carbon film, stained with 0.5% phosphotungstic acid, air-dried, and examined using an H-765 TEM (Hitachi Ltd., Tokyo, Japan).

Differential scanning calorimeter (DSC) analysis
------------------------------------------------

Samples of DNR, Tet, a mixture of DNR and Tet (DNR&Tet), PLGA--PLL--PEG--Tf-NPs and DNR/Tet--PLGA--PLL--PEG--Tf-NPs were heated from room temperature to 300°C at a speed of 10°C/minute; the crystalline status of the DNR and Tet inside the DNR/Tet--PLGA--PLL--PEG--Tf-NPs was investigated using DSC (DSC-204; Netzsch-Gerätebau GmbH, Selb, Germany).[@b29-dddt-9-2705]

Determination of drug loading and encapsulation efficiency of DNR and Tet
-------------------------------------------------------------------------

Lyophilized samples (5 mg) were dissolved in 10 mL of DMSO and vortexed for 5 minutes. After centrifugation for 20 minutes at 15,300 rpm and 4°C, 20 μL of supernatant was injected into HPLC to determine the amount of DNR and Tet encapsulated in DNR/Tet--PLGA--PLL--PEG--Tf-NPs at a wavelength of 280 nm for Tet and 254 nm for DNR, and the column temperature was maintained at 37°C.[@b48-dddt-9-2705] The drug loadings were calculated by the ratio of the actual amount of DNR and Tet encapsulated to the total amounts of DNR/Tet--PLGA--PLL--PEG--Tf-NPs. The entrapment efficiencies were calculated as the actual amount of DNR and Tet encapsulated versus the theoretical amount in DNR/Tet--PLGA--PLL--PEG--Tf-NPs, respectively.[@b20-dddt-9-2705],[@b29-dddt-9-2705]

Rate of drug release
--------------------

The release rate of DNR and Tet from DNR/Tet--PLGA--PLL--PEG-Tf-NPs was evaluated in vitro at 37°C using the dialysis bag technique. Briefly, 100 mg of DNR/Tet--PLGA--PLL--PEG--Tf-NPs were dissolved in 100 mL of PBS and placed into a dialysis membrane bag with a Mw cutoff of 3,500 g/mol. The dialysis bag was tied and immersed in 200 mL of PBS, and then placed in a thermostatic water bath at 37°C with continuous stirring of 100 rpm. Then, a 200 μL sample was withdrawn at each predetermined sampling time, and it was replaced with the same volume of release medium in the PBS. The samples were injected into the HPLC for analysis, as indicated earlier. Meanwhile, the same molar proportion of DNR and Tet was performed as a control group in the same way.

Cellular toxicity assay
-----------------------

Firstly, cellular toxicity to K562/ADR leukemia cells was evaluated to determine the safety and ideal concentration of both PLGA--PLL--PEG--Tf-NPs and Tet using an MTT assay. Briefly, 2×10^4^ K562/ADR cells were seeded on a 96-well plate for 24 hours and then treated with different concentrations of PLGA--PLL--PEG--Tf-NPs, of which the maximum concentration (400 μg/mL) was far more than that used as a carrier; meanwhile, K562/ADR cells were treated with 0.5\~6.0 μg/mL of Tet as well. After incubating for 24 hours, 48 hours, and 72 hours, respectively, 20 μL of MTT was added to each well and cultured for another 4 hours at 37°C. The culture medium was then removed from the wells and replaced with 150 μL of DMSO. The absorbance was measured at 570 nm using a microplate reader (Multiskan MK3; Thermo Fisher Scientific, Waltham, MA, USA) and the cell viability was calculated as follows: $${OD}_{\text{treated~cells}}/{OD}_{\text{control~cells}} \times 100\%.$$

Thereafter, the cytotoxicity of DNR, the mixture of DNR&Tet (DNR:Tet =3.63:4.27), DNR/Tet--PLGA--PLL--PEG-NPs, and DNR/Tet--PLGA--PLL--PEG--Tf-NPs at 48 hours was determined as described earlier, and the half maximal inhibitory concentration (IC~50~) value was calculated with Calcusyn software (BIOSOFT, Cambridge, UK).

Statistical analysis
--------------------

All data were presented as the mean ± standard deviation in triplicate, and multivariate data analysis was performed using multiple linear regressions using the SPSS software (version 17.0; IBM Corporation, Armonk, NY, USA).

Results and discussion
======================

Structural model of Tf-modified copolymer drug-loaded NPs
---------------------------------------------------------

Our synthetic targeted copolymer nanocarriers consist of PLGA--PLL block copolymer cores, to which we conjugated PEG arms terminated with Tf functionalities ([Figure 2](#f2-dddt-9-2705){ref-type="fig"}).

Characteristics of PLGA--PLL--PEG
---------------------------------

The signal associated with the benzene ring of Cbz groups at δ=7.3 ppm was detected ([Figure 3A and B](#f3-dddt-9-2705){ref-type="fig"}), indicating the successful conjugation of PLGA--PLL--Cbz. After adding 33 wt% HBr/HOAc, a signal disappeared and this demonstrated the successful removal of Cbz in the PLGA--PLL (deprotected) ([Figure 3C](#f3-dddt-9-2705){ref-type="fig"}).[@b49-dddt-9-2705],[@b51-dddt-9-2705] The peaks associated with PEG at δ=3.51 ppm, CDI at δ=7.17 ppm, and δ=7.52 ppm were detected ([Figure 3D](#f3-dddt-9-2705){ref-type="fig"}), demonstrating the successful activation of PEG. Moreover, the peak associated with the ether bond and that presented in the conjugated PEG was also detected at δ=3.51 ppm ([Figure 3E](#f3-dddt-9-2705){ref-type="fig"}), indicating the successful coupling of PEG to PLGA--PLL.[@b13-dddt-9-2705]

Effect of formulation parameters on characteristics of PLGA--PLL--PEG--Tf-NPs
-----------------------------------------------------------------------------

To improve the encapsulation efficiency, a modified double-emulsion solvent evaporation/diffusion method was adopted to formulate drug-loaded NPs, in which the emulsification processes are crucial factors in controlling the particle size of NPs and drug loadings of DNR and Tet in DNR/Tet--PLGA--PLL--PEG--Tf-NPs. As we know, PLGA was the basic structural and functional component of the polymer PLGA--PLL--PEG, so its Mw may influence the characteristics of PLGA--PLL--PEG. Firstly, according to our previous study, the amount of DNR was set at 7 mg and Tet at 5 mg, the aqueous phase was Tween 80 (6%), the A/D ratio was 1:1, the concentration of PLGA--PLL--PEG--Tf was 50 mg/mL, the concentration of PVA was 1% (w/v), the volume ratio of aqueous phase to oil phase (W/O ratio) was 2:1, and the I/E ratio was 1:4. We synthesized three types of PLGA--PLL--PEG with different Mw of PLGA. Our present study showed that the mean diameter of DNR/Tet--PLGA--PLL--PEG--Tf-NPs increased with the increase in Mw of PLGA (*P*\>0.05), which can be attributed to the increasing Mw of PLGA--PLL--PEG, leading to the increased viscosity of the primary emulsion ([Figure 4A](#f4-dddt-9-2705){ref-type="fig"}). Thus, the more net shear stress decreased, the greater the mean particle size.[@b29-dddt-9-2705] We also demonstrated that the drug loading of Tet changed slightly with the increasing Mw of PLGA (*P*\>0.05), while that of DNR increased until its Mw reached 60 kDa, and it then decreased once the Mw was \>60 kDa ([Figure 4A](#f4-dddt-9-2705){ref-type="fig"}). Recently, it has been reported that the increasing Mw of PLGA--PLL--PEG could increase the length of the drug diffusion pathways from the organic phase to the external aqueous phase.[@b28-dddt-9-2705],[@b29-dddt-9-2705] Therefore, the loss of Tet through diffusion was reduced, resulting in the increase of the drug loading of Tet. On the contrary, when the Mw of PLGA reached 60 kDa, the drug loading of DNR decreased. This result could be attributed to the phenomenon that the viscosity of the emulsion solution increased with the increasing Mw of the PLGA--PLL--PEG. Therefore, the emulsion solution was difficult to break up into small droplets, as the input power of sonication remained stable.[@b20-dddt-9-2705],[@b52-dddt-9-2705]

Moreover, we have investigated the effect of various concentrations of PLGA--PLL--PEG--Tf. We selected PLGA with a Mw of 30 kDa for synthetic PLGA--PLL--PEG, with DNR at 7 mg and Tet at 5 mg, Tween 80 (6%) as the aqueous phase, an A/D ratio of 1:1, a concentration of PVA of 1% (w/v), a W/O ratio of 2:1, and an I/E ratio of 1:4 were used to investigate the effect of the concentration of blank NPs ranging from 10 to 50 mg/mL. The mean diameter of DNR/Tet--PLGA--PLL--PEG--Tf-NPs increased significantly with the increasing concentration of PLGA--PLL--PEG--Tf (*P*\<0.05) ([Figure 4B](#f4-dddt-9-2705){ref-type="fig"}). This result can be attributed to the fact that the increasing concentration of PLGA--PLL--PEG--Tf led to a high viscosity of the organic phase. Hence, the net shear stress decreased and large droplets developed.[@b29-dddt-9-2705] In addition, the PVA was not enough to cover the surface of the droplets when the concentration of PLGA--PLL--PEG--Tf increased, resulting in the coalescence of droplets and the aggregation of NPs, thereby increasing the particle size significantly.[@b29-dddt-9-2705] Moreover, the drug loading of Tet increased significantly with the increasing concentration of PLGA--PLL--PEG--Tf (*P*\<0.05), whereas that of DNR increased only slightly (*P*\>0.05) ([Figure 4B](#f4-dddt-9-2705){ref-type="fig"}). The reason for this phenomenon was related to the increasing viscosity as well. The drug diffusion decreased from the organic phase to the external aqueous phase with the increase in viscosity, thereby enhancing the encapsulation of Tet into the NPs.[@b29-dddt-9-2705] DNR mainly remained in the internal aqueous phase and interacted indirectly with the organic phase, thus the drug loading of DNR increased slightly.

To understand more findings from the optimum formulation protocols, other formulation parameters were also investigated as follows.

### A/D volume ratio

Our previous study observed that using a mixed solvent of acetone and dichloromethane can significantly reduce the size of NPs, so we examined the A/D ratio from 1:1 to 1:5, with 7 mg of DNR and 5 mg of Tet, PLGA with a Mw of 30 kDa, Tween 80 (6%) as the aqueous phase, a concentration of PVA of 1% (w/v), a W/O ratio of 2:1, an I/E ratio of 1:4, and a concentration of PLGA--PLL--PEG--Tf of 50 mg/mL. As shown in [Figure 4C](#f4-dddt-9-2705){ref-type="fig"}, the mean diameter reduced signifi-cantly as the A/D volume ratio increased (*P*\<0.05). Acetone can diffuse freely from the organic phase into the external aqueous phase due to the character of its partial water miscibility. The interfacial tension decreased significantly with the increase of the A/D volume ratio, which resulted from the rapid partitioning of acetone into the external aqueous phase. Thus, the particle size of the emulsion droplets decreased significantly.[@b20-dddt-9-2705] On the other hand, the drug loading of DNR increased significantly (*P*\<0.05) with the increase of the A/D volume ratio, whereas that of Tet changed only slightly (*P*\>0.05). The results could be attributed to fact that acetone diffused freely into the external aqueous phase, which led to the local supersaturation of regions near the interface. Therefore, polymer precipitation and solidification were induced to prevent the rapid dispersion of DNR to the external aqueous phase.[@b21-dddt-9-2705],[@b53-dddt-9-2705],[@b54-dddt-9-2705] The drug loading of Tet changed inconspicuously because the increase of the A/D volume ratio could not affect the partitioning of Tet in the organic phase. Though acetone diffused to the external aqueous phase, Tet still remained in the organic phase and interacted with the PLGA--PLL--PEG--Tf.

### Concentration of PVA in the external aqueous phase

Emulsifier in preparation of double emulsion is to make the drugs loaded in NPs stable. PVA was widely used. We selected PLGA with a Mw of 30 kDa, 7 mg of DNR and 5 mg of Tet, Tween 80 (6%) as the aqueous phase, an A/D ratio of 1:1, the W/O ratio was 2:1, the I/E ratio was 1:4, and the concentration of PLGA--PLL--PEG--Tf was 50 mg/mL. As shown in [Figure 4D](#f4-dddt-9-2705){ref-type="fig"}, the mean diameter decreased significantly with the increasing concentration of PVA in the external aqueous phase (*P*\<0.05). This result was attributed to the fact that a high concentration of PVA could prevent the coalescence of droplets during the evaporation of the organic solvent. Thus, the mean diameter of NPs decreased significantly. Moreover, PVA molecules could incorporate into the surface of NPs after the evaporation of the organic solvent,[@b55-dddt-9-2705],[@b56-dddt-9-2705] which could form a hydrated layer and prevent the aggregation of NPs.[@b29-dddt-9-2705],[@b57-dddt-9-2705] However, the viscosity of the external aqueous phase increased with the increasing concentration of PVA, which resulted in difficulties with the sonication operation when the input power was same.[@b58-dddt-9-2705] As shown in [Figure 4D](#f4-dddt-9-2705){ref-type="fig"}, the drug loadings of the two drugs decreased significantly with the increasing concentration of PVA (*P*\<0.05), which probably resulted from the decrease of the mean particle size. When the concentration of PVA increased, the dispersion of the drugs into the external aqueous phase increased significantly during the emulsification procedure, resulting in a decrease of drug partitions remaining in the emulsion droplets. Therefore, fewer drug molecules could interact with the polymer molecules of PLGA--PLL--PEG, and the drug loadings of DNR and Tet decreased significantly.[@b20-dddt-9-2705],[@b29-dddt-9-2705]

### I/E volume ratio

We chose PLGA with a Mw of 30 kDa, DNR at 7 mg and Tet at 5 mg, Tween 80 (6%) as the aqueous phase, an A/D ratio of 1:1, a W/O ratio of 2:1, and a concentration of blank NPs of 50 mg/mL. As shown in [Figure 4E](#f4-dddt-9-2705){ref-type="fig"}, when the I/E volume ratio decreased, the mean diameter decreased and then reached a plateau. This result could be attributed to two competitive effects induced by the I/E volume ratio. First, the amount of PVA increased with the decreasing volume ratio of I/E, which resulted in a decrease in the interfacial tension and led to a decrease in the mean diameter. Meanwhile, the net shear stress reduced with the increased volume of whole system, which led to an increase in the mean diameter.[@b59-dddt-9-2705] When the latter effect dominated the former, the mean diameter decreased. Otherwise, the mean diameter increased as the latter effect dominated the former. As shown in [Figure 4E](#f4-dddt-9-2705){ref-type="fig"}, the drug loadings of DNR and Tet decreased significantly with a decrease of the I/E volume ratio (*P*\<0.05), which resulted from the increased amount of drug diffusion to the external aqueous phase during the emulsification procedure. Fewer drugs remained in the internal aqueous phase to interact with the polymer of PLGA--PLL--PEG during solvent evaporation, thereby decreasing the drug loadings of DNR and Tet.[@b20-dddt-9-2705]

### Surfactants of the internal aqueous phase

As seen from [Figure 4F](#f4-dddt-9-2705){ref-type="fig"}, the mean diameter and drug loading were significantly affected by the type of surfactant (*P*\<0.05), which is an important factor in maintaining the stability of the primary emulsion. In our present study, DNR/Tet--PLGA--PLL--PEG--Tf-NPs with a small particle size and higher drug loadings were obtained when the concentration of Tween 80 was 6%, which was selected as the surfactant of the internal aqueous phase.

### Freeze-drying cryoprotectant

Cryoprotectant was an important parameter for the redispersible nanoformulations.[@b60-dddt-9-2705],[@b61-dddt-9-2705] In order to preserve the original particle size of the NPs, different types of cryoprotectant were investigated. The mean particle size of the DNR/Tet--PLGA--PLL--PEG--Tf-NPs was 224.5±15.8 nm before freeze-drying. As shown in [Figure 5](#f5-dddt-9-2705){ref-type="fig"}, the mean diameter of the NPs increased significantly when compared with that before freeze-drying, when either sucrose, mannitol, or lactose was used as the cryoprotectant (*P*\<0.05). It was also demonstrated that the smallest particle size of the DNR/Tet--PLGA--PLL--PEG--Tf-NPs was obtained as the cryoprotectant was trehalose, which was capable of preserving the particle size without any aggregation or adhesion.

Optimization of DNR/Tet--PLGA--PLL--PEG--Tf-NPs
-----------------------------------------------

The mean particle size of DNR/Tet--PLGA--PLL--PEG--Tf-NPs increased with the increasing Mw of PLGA and the concentration of PLGA--PLL--PEG--Tf, whereas it decreased with the increasing concentration of PVA and the volume ratio of A/D. The results of multiple linear regression analysis demonstrated that the concentration of PLGA--PLL--PEG--Tf, the volume ratio of A/D, and the concentration of PVA had significant influences on the mean diameter of DNR/Tet--PLGA--PLL--PEG--Tf-NPs (*P*\<0.05).

The drug loading of DNR was positively correlated with the concentration of PLGA--PLL--PEG--Tf, the A/D volume ratio, and the I/E volume ratio, whereas it was negatively correlated with PVA concentration (*P*\<0.5). Moreover, the drug loading of Tet was positively correlated with the Mw of PLGA, the concentration of PLGA--PLL--PEG--Tf, and the volume ratio of I/E, whereas it was negatively correlated with the concentration of PVA. The results of the multiple linear regression analysis illustrated that the volume ratio of A/D, the concentration of PVA, the volume ratio of I/E, and the surfactant of the internal aqueous phase were the dominant factors (*P*\<0.05) in controlling the drug loading of DNR, whereas the concentration of the PLGA--PLL--PEG--Tf, the concentration of PVA, the volume ratio of I/E, and the surfactant of the internal aqueous phase were the dominant factors (*P*\<0.05) in controlling the drug loading of Tet.

Taking the high drug loadings of the two drugs, the small particle size, and the convenience of the experimental operations into account, the Mw of PLGA (30 kDa), the concentration of PLGA--PLL--PEG--Tf (50 mg/mL), the volume ratio of A/D (1:1), the concentration of PVA (1%), the volume ratio of I/E (1:8), and surfactant of the internal aqueous phase (6% Tween 80) were chosen for the optimization of DNR/Tet--PLGA--PLL--PEG--Tf-NPs.

Tf crosslinked product verification
-----------------------------------

The Tf content of DNR/Tet--PLGA--PLL--PEG--Tf-NPs was determined using the BCA protein detection kit, and it was 2.18%±0.04% (w/w). The results of gel permeation chromatography showed that the time of Tf elution was 52.0±6.0 minutes ([Figure 6A](#f6-dddt-9-2705){ref-type="fig"}), while that of DNR/Tet--PLGA--PLL--PEG--Tf-NP elution was 22.0±3.0 minutes ([Figure 6B](#f6-dddt-9-2705){ref-type="fig"}), which was shorter than that of Tf. After centrifugation with 15,000 rpm, the solution of DNR/Tet--PLGA--PLL--PEG-NPs was light green and that of DNR/Tet--PLGA--PLL--PEG--Tf-NPs was purple ([Figure 7](#f7-dddt-9-2705){ref-type="fig"}), indicating that Tf is covalently attached to the NPs, not adsorbed by the electrostatic effect.

Encapsulation efficiency and drug loading
-----------------------------------------

The encapsulation efficiency was 70.23%±1.91% for DNR and 86.5%±0.70% for Tet, and the drug loadings were 3.63%±0.15% for DNR and 4.27%±0.13% for Tet. The molar ratio of DNR to Tet was approximately 1:1 in the NPs, which was an appropriate proportion for reversing MDR. There was no significant difference between the encapsulation efficiencies and the drug loading of the three batches of PLGA--PLL--PEG--Tf-NPs. These results further demonstrated that the formulation process was stable and reproducible.

Particle morphology, ZP, and PI
-------------------------------

As shown in [Figures 8A, B](#f8-dddt-9-2705){ref-type="fig"} and [9](#f9-dddt-9-2705){ref-type="fig"}, the mean particle size of the NPs was 213.0±12.0 nm, and they featured a spherical shape and a smooth surface; histogram analysis of the TEM image showed that mean particle size was 212.2±18.0 nm ([Figure 8B](#f8-dddt-9-2705){ref-type="fig"}), which indicated that the size distribution was narrow. The ZP is a key indicator of the stability of colloidal dispersions, and it has been demonstrated that NPs with a weak negative charge could exhibit favorable in vivo behavior, including an enhanced permeability and retention effect-based tumor disposition.[@b44-dddt-9-2705] Therefore, the NPs with −19.16±0.11 mV were suitable for the enhanced permeability and retention effect-based efficient tumor disposition. Furthermore, PI is a measure of the distribution of the molecular mass in a given polymer sample, and it indicates the distribution of individual molecular masses in a batch of polymers. The PI was 0.075±0.011 in our present study, which is suitable for DDS.

DSC analysis of the DNR/Tet--PLGA--PLL--PEG--Tf-NPs
---------------------------------------------------

The results of the DSC thermogram analysis showed the physical state of DNR and Tet in the DNR/Tet--PLGA--PLL--PEG--Tf-NPs ([Figure 10](#f10-dddt-9-2705){ref-type="fig"}); an endothermic peak of melting at 224°C was present for Tet (green line) and that at 198°C was exhibited for DNR (blue line). Conversely, an endothermic peak of melting at 203°C was exhibited for the physical mixture samples of DNR and Tet (purple line). However, the endothermic peaks were not detected in the DNR/Tet--PLGA--PLL--PEG--Tf-NPs (yellow line). These results demonstrated that the physical status of the DNR and Tet in DNR/Tet--PLGA--PLL--PEG--Tf-NPs was a disordered crystalline or amorphous phase, or it was a solid solution state.[@b20-dddt-9-2705],[@b62-dddt-9-2705]

In vitro release
----------------

The release profiles of the DNR and Tet from DNR/Tet--PLGA--PLL--PEG--Tf-NPs were shown in [Figure 11](#f11-dddt-9-2705){ref-type="fig"}. Approximately 97% of the nonencapsulated DNR and Tet were released in 3 hours, while only \~50% of Tet and 60% of DNR were released from the DNR/Tet--PLGA--PLL--PEG--Tf-NPs in 24 hours. Thus, it could be inferred that the release of DNR and Tet from DNR/Tet--PLGA--PLL--PEG--Tf-NPs was significantly prolonged when compared with the nonencapsulated drugs. Notably, the release of Tet loaded in DNR/Tet--PLGA--PLL--PEG--Tf-NPs was always lower than that of DNR from the four accumulated release curves, which probably resulted from the poor water solubility of Tet. Compared with the initial release before 24 hours, the release rates of DNR and Tet were relatively low, which was probably attributed to the slow degradation of the polymer matrix. Interestingly, less than 80% of the drugs were released from the DNR/Tet--PLGA--PLL--PEG--Tf-NPs in 1 week; thus, it could be concluded that the degradation of the PLGA--PLL--PEG--Tf-NPs was comparably slower in the release medium.

Cytotoxicity assays of DNR/Tet--PLGA--PLL--PEG--Tf-NPs
------------------------------------------------------

The MTT assay was conducted to elucidate the potential biological effects of DNR/Tet--PLGA--PLL--PEG--Tf-NPs on K562/ADR cells. As shown in [Figure 12](#f12-dddt-9-2705){ref-type="fig"}, when the concentration of PLGA--PLL--PEG--Tf-NPs was \<400 μg/mL, there were no significant differences when compared to the control group (*P*\>0.05). Notably, when the concentration of Tet was \<2 μg/mL, the cell proliferation rate was \>90% ([Figure 13A](#f13-dddt-9-2705){ref-type="fig"}). These results suggested that PLGA--PLL--PEG--Tf-NPs (\<400 μg/mL) and low doses of Tet (\<2 μg/mL) showed no obviously significant cytotoxicity on K562/ADR cells.

The dose-dependent curve showed that the loss of cell viability was notable in a dose-dependent manner when the K562/ADR cells were exposed to DNR, DNR&Tet, DNR/Tet--PLGA--PLL--PEG-NPs, and DNR/Tet--PLGA--PLL--PEG--Tf-NPs for 48 hours ([Figure 13B](#f13-dddt-9-2705){ref-type="fig"}). The IC~50~ value of DNR&Tet at 48 hours was much lower than that of DNR (1.47±0.15 μg/mL versus 10.03±0.69 μg/mL, respectively; *P*\<0.05). However, the IC~50~ value of DNR/Tet--PLGA--PLL--PEG--Tf-NPs was significantly decreased (0.87±0.01 μg/mL; *P*\<0.05). These data showed that Tet could enhance the cyto-toxicity of DNR effectively and that DNR/Tet--PLGA--PLL--PEG--Tf-NPs showed stronger cytotoxicity when compared with the free drugs and DNR/Tet--PLGA--PLL--PEG-NPs (2.61±0.46 μg/mL; *P*\<0.05). Therefore, we cannot exclude the possibility that this may be attributed to the sustained release of DNR from DNR/Tet--PLGA--PLL--PEG--Tf-NPs and the tumor-targeted effect by Tf, which should be further demonstrated in vitro and in vivo.

Conclusion
==========

It was concluded that DNR (hydrophilic) and Tet (hydrophobic) could be simultaneously encapsulated into PLGA--PLL--PEG--Tf-NPs with a relatively small mean diameter and high drug loading using a modified double-emulsion technique. Tf can be covalently attached to PEG arms to produce PLGA--PLL--PEG--Tf-NPs, and it is not adsorbed by the electrostatic effect. The smaller mean diameter could be achieved through the optimization of the concentration of PLGA--PLL--PEG--Tf, the ratio of A/D volume, and the concentration of PVA. Meanwhile, the drug loadings could be enhanced by the optimization of the concentration of PLGA--PLL--PEG--Tf, the concentration of PVA, the ratio of I/E volume, and the surfactant of the internal aqueous phase. Furthermore, the inhibition of DNR/Tet--PLGA--PLL--PEG--Tf-NPs on leukemia K562/ADR cells occurred in a dose-dependent manner. Thus, the systematic investigation reported in our study indicated that the optimized PLGA--PLL--PEG--Tf-NP formulation can be potentially used for hydrophilic and hydrophobic chemotherapeutic DDS, which may be a promising strategy for overcoming MDR in leukemia or other drug-resistant tumors.
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![Reaction diagram of crosslink Tf.\
**Abbreviations:** PLGA, poly(lactic-*co*-glycolic acid); PLL, poly-L-lysine; PEG, polyethylene glycol; PBS, phosphate buffered saline; Tf, transferrin.](dddt-9-2705Fig1){#f1-dddt-9-2705}

![Structural model of Tf-modified copolymer drug-loaded NPs.\
**Abbreviations:** PLGA, poly(lactic-*co*-glycolic acid); PLL, poly-L-lysine; PEG, polyethylene glycol; Tf, transferrin; NPs, nanoparticles.](dddt-9-2705Fig2){#f2-dddt-9-2705}

![^1^H NMR spectrum.\
**Notes:** (**A**) PLL--Cbz; (**B**) PLGA--PLL--Cbz; (**C**) PLGA--PLL (deprotected); (**D**) CDI--PEG--CDI; and (**E**) PLGA--PLL--PEG--CDI.\
**Abbreviations:** ^1^H NMR, proton nuclear magnetic resonance; PLL, poly-L-lysine; Cbz, carbobenzoxy; PLGA, poly(lactic-*co*-glycolic acid); CDI, *N,N*-carbony ldiimidazole; PEG, polyethylene glycol.](dddt-9-2705Fig3){#f3-dddt-9-2705}

![Effect of formulation parameters on the particle size and drug loadings of DNR and Tet in DNR/Tet--PLGA--PLL--PEG--Tf-NPs.\
**Notes:** (**A**) Mw of PLGA; (**B**) concentration of PLGA--PLL--PEG--Tf; (**C**) volume ratio of A/D; (**D**) concentration of PVA in the external aqueous phase; (**E**) volume ratio of I/E; and (**F**) surfactant type of the internal aqueous phase.\
**Abbreviations:** DNR, daunorubicin; Tet, tetrandrine; PVA, polyvinyl alcohol; PLGA, poly(lactic-*co*-glycolic acid); PLL, poly-L-lysine; PEG, polyethylene glycol; Tf, transferrin; NPs, nanoparticles; Mw, molecular weight; A/D, acetone and dichloromethane; I/E, the internal aqueous phase to the external aqueous phase.](dddt-9-2705Fig4){#f4-dddt-9-2705}

![Effects of cryoprotectants on the mean diameter after freeze-drying.](dddt-9-2705Fig5){#f5-dddt-9-2705}

![Gel permeation chromatography.\
**Notes:** (**A**) Elution time of Tf; and (**B**) elution time of DNR/Tet--PLGA--PLL--PEG--Tf-NPs.\
**Abbreviations:** min, minutes; Tf, transferrin; DNR, daunorubicin; Tet, tetrandrine; PLGA, poly(lactic-*co*-glycolic acid); PLL, poly-L-lysine; PEG, polyethylene glycol; NPs, nanoparticles.](dddt-9-2705Fig6){#f6-dddt-9-2705}

![Solution color of DNR/Tet--PLGA--PLL--PEG--Tf-NPs (purple liquid) and DNR/Tet--PLGA--PLL--PEG-NPs (green liquid).\
**Abbreviations:** DNR, daunorubicin; Tet, tetrandrine; PLGA, poly(lactic-*co*-glycolic acid); PLL, poly-L-lysine; PEG, polyethylene glycol; Tf, transferrin; NPs, nanoparticles.](dddt-9-2705Fig7){#f7-dddt-9-2705}

![DNR/Tet--PLGA--PLL--PEG--Tf-NPs under TEM and histogram of particle size distribution.\
**Notes:** (**A**) DNR/Tet--PLGA--PLL--PEG--Tf-NPs under TEM (scale bar: 0.5 μm); and (**B**) histogram of particle size distribution.\
**Abbreviations:** DNR, daunorubicin; Tet, tetrandrine; PLGA, poly(lactic-*co*-glycolic acid); PLL, poly-L-lysine; PEG, polyethylene glycol; Tf, transferrin; NPs, nanoparticles; TEM, transmission electron microscopy.](dddt-9-2705Fig8){#f8-dddt-9-2705}

![Particle size distribution of DNR/Tet--PLGA--PLL--PEG--Tf-NPs.\
**Abbreviations:** DNR, daunorubicin; Tet, tetrandrine; PLGA, poly(lactic-*co*-glycolic acid); PLL, poly-L-lysine; PEG, polyethylene glycol; Tf, transferrin; NPs, nanoparticles.](dddt-9-2705Fig9){#f9-dddt-9-2705}

![DSC thermography.\
**Notes:** Green line: Tet; blue line: DNR; red line: PLGA--PLL--PEG-NPs; yellow line: DNR/Tet--PLGA--PLL--PEG--Tf-NPs; and purple line: mixture of DNR and Tet samples.\
**Abbreviations:** DSC, differential scanning capacity thermography; exo, exothermic; Tet, tetrandrine; DNR, daunorubicin; PLGA, poly(lactic-*co*-glycolic acid); PLL, poly-L-lysine; PEG, polyethylene glycol; NPs, nanoparticles; Tf, transferrin.](dddt-9-2705Fig10){#f10-dddt-9-2705}

![Release profiles of DNR and Tet from DNR/Tet--PLGA--PLL--PEG--Tf-NPs.\
**Abbreviations:** DNR, daunorubicin; Tet, tetrandrine; PLGA, poly(lactic-*co*-glycolic acid); PLL, poly-L-lysine; PEG, polyethylene glycol; Tf, transferrin; NP, nanoparticles; h, hours.](dddt-9-2705Fig11){#f11-dddt-9-2705}

![Cytotoxic effect of PLGA--PLL--PEG--Tf-NPs on K562/ADR cells for different times.\
**Abbreviations:** h, hours; PLGA, poly(lactic-*co*-glycolic acid); PLL, poly-L-lysine; PEG, polyethylene glycol; Tf, transferrin; NPs, nanoparticles.](dddt-9-2705Fig12){#f12-dddt-9-2705}

![Cell viability of K562/ADR cells.\
**Notes:** (**A**) Cells treated with different concentrations of Tet for various times; and (**B**) Cells treated with different concentrations of DNR, DNR&Tet, DNR/Tet--PLGA--PLL--PEG-NPs, or DNR/Tet--PLGA--PLL--PEG--Tf-NPs for 48 h.\
**Abbreviations:** DNR, daunorubicin; Tet, tetrandrine; PLGA, poly(lactic-*co*-glycolic acid); PLL, poly-L-lysine; PEG, polyethylene glycol; Tf, transferrin; NPs, nanoparticles; DNR&Tet, daunorubicin and tetrandrine; h, hours.](dddt-9-2705Fig13){#f13-dddt-9-2705}
